The locus RTM1 is necessary for restriction of long-distance movement of tobacco etch virus in Arabidopsis thaliana without causing a hypersensitive response or inducing systemic acquired resistance. The RTM1 gene was isolated by map-based cloning. The deduced gene product is similar to the ␣-chain of the Artocarpus integrifolia lectin, jacalin, and to several proteins that contain multiple repeats of a jacalin-like sequence. These proteins comprise a family with members containing modular organizations of one or more jacalin repeat units and are implicated in defense against viruses, fungi, and insects. resistance
The locus RTM1 is necessary for restriction of long-distance movement of tobacco etch virus in Arabidopsis thaliana without causing a hypersensitive response or inducing systemic acquired resistance. The RTM1 gene was isolated by map-based cloning. The deduced gene product is similar to the ␣-chain of the Artocarpus integrifolia lectin, jacalin, and to several proteins that contain multiple repeats of a jacalin-like sequence. These proteins comprise a family with members containing modular organizations of one or more jacalin repeat units and are implicated in defense against viruses, fungi, and insects. resistance P lants can resist viruses by a number of mechanisms. Resistance pathways involving strain-specific recognition of a virus-encoded elicitor, through direct or indirect interaction with a corresponding resistance gene (R gene) product, can lead to a hypersensitive reaction involving localized cell death, activation of salicylic acid (SA)-mediated systemic acquired resistance, and limitation of the virus to initial infection foci (1) . Two dominant R genes, N and Rx, which limit strains of tobacco mosaic virus and potato virus X, respectively, have been isolated and shown to belong to a class of proteins containing nucleotide-binding sites (NBSs) and leucine-rich repeats (LRRs) (2, 3) . These NBS-LRR proteins are similar to a large number of R gene products that confer resistance to bacteria, fungi, and nematodes, in addition to viruses (4) . Although dominant R genemediated resistance responses typically include activation of defensive genes, the molecular bases whereby viruses are suppressed by these reactions are still not clear. Equally unclear is how several other types of genetically controlled virus resistance mechanisms, including those mediated by recessive genes, operate to restrict viruses (5) (6) (7) . On the other hand, mechanisms of posttranscriptional gene silencing-like responses to virus infection are becoming clear. The antiviral effect of virus-induced silencing appears to involve induction of the silencing apparatus (possibly by double-stranded RNA), maintenance of a silenced state in which RNA sequence-specific recognition and degradation results in low levels of active viral genomes, and possibly cell-to-cell and long-distance signaling of the silencing state (8) (9) (10) .
The tobacco etch virus (TEV)-Arabidopsis model system was established to identify host genes that control susceptibility to, and defense against, viruses (11, 12) . Some ecotypes (e.g., C24 and La-er) are fully susceptible, supporting replication, cell-tocell movement, and long-distance (vasculature-dependent) movement of TEV, whereas other ecotypes (e.g., Col-0 and Ws-2) restrict TEV to inoculated leaves. Ecotypes that fail to support long-distance movement, however, support replication and cell-to-cell movement in inoculated leaves. The restriction of TEV involves neither formation of hypersensitive reaction lesions nor activation of systemic acquired resistance. This natural variation in susceptibility is conditioned by the RTM1 locus (11), where the dominant allele confers the restricted infection phenotype. A mutational analysis of Col-0 plants revealed that the restricted infection phenotype is a multigenic trait that requires at least three loci, RTM1, RTM2, and RTM3 (12) (unpublished data). The TEV-Arabidopsis system, therefore, provides an unusual opportunity to identify and functionally dissect the components of an antiviral mechanism in plants.
In this paper, isolation of the RTM1 gene is described. This gene encodes a protein that belongs to a large ''domain family,'' in which a well-characterized lectin (jacalin) subunit serves as the prototype member. Proteins in this family serve diverse roles in defense against pathogens and pests.
Materials and Methods
Arabidopsis Inoculation and Selective Screening. Semipurified TEVbar virus (12) was diluted in 20 mM Tris⅐HCl (pH 8.0) containing 10 g͞liter carborundum. Rosette leaves of 4-week-old Arabidopsis plants were inoculated by using an artist's airbrush (12) . At 11 days postinoculation inflorescence tissue was removed, and 0.067% glufosinate ammonium (GA) (AgroEvo, Montvale, NJ) was applied as described (12) . Seven days after GA application, survivors were sprayed with 0.01% GA. Fourteen days after the initial GA application, tissue from surviving plants was collected.
Genomic DNA Extraction and Mapping. Genomic DNA was isolated from inflorescence tissue as described (11) . A bacterial artificial chromosome (BAC) contig between markers ATEAT1 and F17J18-M was assembled from hybridization data generated by the Arabidopsis thaliana Genome Center (http:͞͞genome.bio. upenn.edu͞physical-mapping͞BAC_data͞allhybs͞allframe. html), PCR markers, DNA hybridization, and restriction pattern analysis. End sequence from BACs F2M5-T7, T12A12-Sp6, and F3F20-Sp6 (http:͞͞genome.bio.upenn.edu͞physical-map-ping͞bacendlist͞bacends.html) and yeast artificial chromosome yUP8H12 (GenBank accession no. AC000098) was used to generate cleaved amplified polymorphic sequence (CAPS) and dCAPS markers. Primers were designed from available sequences and used to amplify the Col-0 and Ws-2 alleles by PCR (primer sequences are available on request). The resulting PCR products were purified and sequenced. Alignments of the Col-0 and Ws-2 sequences using CLUSTAL W (13) and restriction site analysis using DNA STRIDER (14) identified polymorphisms. The CAPS and dCAPS PCR products were digested with the ap-propriate restriction enzyme (information available on request) and analyzed on agarose or polyacrylamide gels. The simple sequence length polymorphism PCR products were analyzed on 4% Metaphor agarose (FMC) gels.
Construction of Cosmid Sublibraries from BACs. High molecular weight BAC DNA was purified by cesium chloride-ethidium bromide gradient centrifugation and was partially digested with Sau3AI, dephosphorylated, and size-fractionated on 0.8% low melting agarose gels. Fragments of approximately 15-20 kb were eluted from gels and inserted into the BamHI site of cosmid vector pSLJ755I5 (15) . Ligated DNA was packaged in phage heads by using commercial extracts (Stratagene Gigapack III Gold) and used to transfect DH10B Escherichia coli cells (GIBCO). Cosmids were organized into a contig by PCR, hybridization, and restriction pattern analyses and transferred to Agrobacterium tumefaciens strain GV3101 by conjugation in a triparental mating with helper strain HB101͞PRK2013.
After identification of a complementation interval, the cosmid 2-63 was digested with HindIII and self-ligated, generating cosmid 2-63H. The cosmid 2-8 was digested completely with XbaI and partially with BsaAI and self-ligated, resulting in cosmid 2-8XB. Cosmids 2-63H and 2-8XB were transferred to A. tumefaciens as described above.
Transformation of Arabidopsis.
A. tumefaciens strains containing cosmids were grown under selection in Luria broth for 24-48 hr at 30°C. Cells were harvested and resuspended in infiltration medium (10 mM MgCl 2 , 5% sucrose, 0.05% Silwett L-77, and 44 nM benzylaminopurine) to an OD 600 of 0.8. C24 plants (approximately 30 plants per clone) were transformed by vacuum infiltration (16) . Seeds from infiltrated plants were surfacesterilized and plated on selective medium (0.5ϫ Murashige and Skoog MS medium, 1ϫ B5 vitamins, and 25 g͞ml GA).
Growth, Inoculation, and ␤-Glucuronidase (GUS) Activity Assays of
Transformants. Transformants were transferred to soil and grown for 15-20 days before inoculation. Rosette leaves were dusted with carborundum and inoculated with TEV-GUS, a recombinant TEV strain encoding GUS (17) . GUS activity assays were done by using inflorescence tissue at 15 and 20 days postinoculation (11) . Inoculated leaves from plants that scored negative in GUS activity assays of systemic tissue were tested for infection by in situ histochemical assay (17) .
Analysis of DNA and Protein Sequences. Sequencing reactions using a dye terminator cycle sequencing protocol (Applied Biosystems) were done in a Robocycler 96 thermocycler (Stratagene), analyzed on an Applied Biosystems 373 or 377 automated sequencer, and compiled by using the GCG program (Wisconsin Package Version 10.0). Similarity searches of sequence databases were done by using BLAST (18) . A phylogenetic tree was constructed by using a heuristic search and bootstrap analysis with PAUPSEARCH and PAUPDISPLAY (Wisconsin Package Version 10.0, GCG).
Isolation and Analysis of the RTM1 cDNA. Total RNA was isolated from rosette leaves of Col-0 plants and used to prepare poly(A) ϩ RNA by using an oligo(dT)-coated latex resin (Qiagen, Chatsworth, CA). Complementary DNA was synthesized by using 250 ng of poly(A) ϩ RNA and was subjected to 5Ј and 3Ј rapid amplification of cDNA ends (RACE) using the SMART kit (CLONTECH). The RACE products were gel-purified and sequenced. Primers containing XhoI and BamHI sites were designed at the 5Ј and 3Ј ends of RACE products and used to amplify the full-length RTM1 cDNA. The full-length cDNA was transferred to the pRTL2 vector (19) , which contains a cauliflower mosaic virus 35S promoter and 35S terminator. The expression cassette was excised and subcloned into pSLJ755I5. This construct was mobilized into A. tumefaciens and used to transform C24 plants as described above.
Results
Mapping of RTM1. Screens of ethyl methanesulfonate-mutagenized Arabidopsis Col-0 populations previously revealed several mutants with gain of susceptibility or loss of resistance to TEV (12) . These mutants, many of which contained mutations at the RTM1 locus, allow long-distance movement of TEV in an ecotype that normally restricts the virus to inoculated rosette leaves. An RTM1 mapping population was generated by crossing the A133 mutant (rtm1-2 allele) to the nonsusceptible (RTM1) ecotype Ws-2. Approximately 7,000 F 2 individuals were inoculated with TEV-bar, a recombinant TEV strain encoding the bacterial bar gene that confers resistance to the herbicide GA (12) . Plants containing a rtm1-2͞rtm1-2 genotype were susceptible to systemic infection by TEV-bar, whereas RTM1͞rtm1-2 or RTM1͞RTM1 plants restricted TEV-bar to inoculated leaves. Systemically infected plants were insensitive to GA and survived herbicide application. Tissue was recovered from 590 of the most vigorous GA survivors.
Analysis of recombination events between molecular markers and the RTM1 locus in susceptible F 2 individuals confirmed that RTM1 was located between markers ATEAT1 and F17J18-M on chromosome 1. Additional polymorphic CAPS and dCAPS markers were identified within this interval by using sequence from yeast artificial chromosome and BAC ends 8H12R, F2M5-T7, T12A12-Sp6, and F3F20-Sp6. Of 1,120 chromosomes examined, three recombination events were identified between RTM1 and 8H12R ( Fig. 1A) . Markers T12A12-Sp6, F3F20-Sp6, and F2M5-T7 cosegregated with RTM1. There were five recombination events between RTM1 and F17J18-M of 1,180 chromosomes ( Fig. 1 A) . We concluded that RTM1 was located between markers 8H12R and F17J18-M.
Complementation Cloning of rtm1. A BAC contig spanning the region between ATEAT1 and F17J18-M was assembled ( Fig.  1 A) . BACs F26O9, F25G24, and F2M5 were fragmented and subcloned into the binary cosmid vector pSLJ75515 to generate a cosmid contig ( Fig. 1 A) . Cosmids were introduced into the Arabidopsis C24 genome (rtm1͞rtm1) by Agrobacteriummediated transformation, and transformants were inoculated with TEV-GUS and examined for systemic infection at approximately 20 days postinoculation. Cosmids containing the RTM1 allele were expected to confer an infection phenotype in which virus was restricted to inoculated leaves. The majority of plants (T1 generation) containing six of the cosmids, each overlapping a common sequence of approximately 5 kb, complemented the rtm1 phenotype of C24 ( Fig. 1 A) . The TEV-restrictive phenotype of these plants was inherited in the T2 generation ( Fig. 1B and data not shown). None of the cosmids that lacked this 5-kb region conferred a nonsusceptible phenotype. The overlapping interval was sequenced and three putative ORFs were identified.
To determine which portion of the 5-kb region contained RTM1, cosmid clones containing portions of the complementing interval were generated and transferred into C24 ( Fig. 1 A) . The clone 2-8XB contained all three ORFs from the complementing interval, but no sequence from outside this region. The cosmid 2-63H contained only the most centromeric ORF (ORF3) from the complementing interval. Both 2-8XB and 2-63H conferred a restricted movement phenotype to C24 plants ( Fig. 1 A) , suggesting that ORF3 and surrounding sequence was sufficient to complement the rtm1 phenotype.
The approximately 5-kb complementing interval containing the three putative ORFs from mutants A130, A133, and A165 was sequenced. Comparison of these sequences with wild-type Col-0 revealed a single nucleotide difference in each mutant within ORF3 (see below). No other differences between the mutant and wild-type sequences were detected. Therefore, ORF3 was concluded to encode RTM1.
Using PCR primers based on the genomic sequence, the ends of the RTM1 mRNA were identified by RACE. The RACE products were sequenced and primers were designed to amplify the full-length cDNA. The RTM1 cDNA is 729 nt in length and contains a 119-nt intron (Fig. 1C) . The deduced RTM1 protein is 174 aa in length, assuming that translation initiates at the first AUG codon. The RTM1 cDNA was cloned into an intermediate vector containing the cauliflower mosaic virus 35S promoter and terminator sequences. This expression cassette was transferred to the cosmid vector, and transgenic Arabidopsis C24 plants were produced. The 35S-RTM1 cDNA restricted long-distance movement in four of 10 transgenic plants ( Fig. 1 A) .
Hypothetical translation products of the mutant alleles rtm1-1, rtm1-2, and rtm1-5 (A130, A133, and A165, respectively), as well as the rtm1 alleles of C24 and La-er, were examined (Fig. 2) . Single nucleotide changes in the mutants resulted in substitutions of asparagine for aspartate 139, phenylalanine for serine 56, and aspartate for glycine 132, respectively (Fig. 2) . The C24 rtm1 allele contained four codon differences relative to Col-0, including tyrosine for serine 29, cysteine for phenylalanine 62, aspartate for asparagine 65, and isoleucine for asparagine 93, as well as a 26-nt deletion within the intron (Fig. 2 , data not shown). The La-er rtm1 allele contained a stop codon rather than a codon for serine 169, resulting in a protein lacking six C-terminal residues relative to the Col-0 RTM1 protein.
Similarity of RTM1 to Jacalin and Jacalin-Related Proteins. Database searches revealed similarity (23% identical and 33% similar at the amino acid level over the length of RTM1) between the predicted RTM1 protein and the polypeptide chains of jacalin (20), a D-galactose-specific lectin from Artocarpus integrifolia ( Fig. 3 and Table 1 ). Jacalin is synthesized as a prepropeptide that is proteolytically processed to form two mature polypeptides, a 133-aa ␣-chain and a 20-to 21-aa ␤-chain (21) , which remain associated in the folded protein (22) . The majority of RTM1 sequence is similar to the jacalin ␣-chain, although the N terminus of RTM1 exhibits similarity with the C-terminal half of the ␤-chain (Fig. 3) . The C-terminal 22 residues of RTM1 lack similarity to either jacalin chain. Four jacalin ␣-chain residues involved in carbohydrate binding (22)-Gly-1, Tyr-122, Trp-123, and Asp-125-are not conserved in RTM1. The RTM1 sequence also bears similarity to the sequences of jacalin-related lectins, such as the Maclura pomifera agglutinin (20) (Fig. 3 and Table 1 ).
Database searches also revealed convincing similarity between RTM1 and a number of proteins from plants in the Brassicaceae family ( Fig. 3 and Table 1 ). Six of these proteins from Brassica napus were shown previously to be myrosinasebinding proteins (MBPs) (23) (24) (25) . These proteins copurify in a bound form with myrosinase, an enzyme that catalyzes hydrolysis of glucosinolates. Hydrolysis of glucosinolates occurs upon wounding or tissue damage and results in release of volatile, toxic compounds (for example, thiocyanates and isothiocyanates) with insecticidal and antifungal properties (26) . In fact, expression of these MBP genes was shown previously to be induced by wounding and treatment with methyl jasmonate (23) (24) (25) . In addition to MBPs from B. napus, nine inferred Arabidopsis proteins were identified as proteins containing jacalin-like domains. Two of these were isolated as cDNA sequences of genes (termed f-AtMBP and A. th. floral cDNA) expressed preferentially in inflorescence tissue. Seven proteins were identified from genes inferred from Arabidopsis genome sequences. Interestingly, all but two of these B. napus and Arabidopsis proteins were found to contain multiple repeats of the RTM1-like sequence, most of which corresponded precisely to the jacalin ␣-chain ( Fig. 3 and 4 ). For this reason, the repeated unit was designated as the jacalin repeat (JR). In proteins containing multiple JRs, between two and six copies were identified (Fig.  4) . In a few proteins, partial homologues were identified, and in one case, the JR sequence was found to be fused to another domain comprised of ''kelch repeats,'' which likely interact with actin microfilaments (27) .
The JR Domain Family. Fifty-five complete JRs from B. napus and Arabidopsis were identified in database searches. The phylogenetic relationship of RTM1 to other JR-containing proteins was inferred from cladistic analysis using individual JR domains from each protein. Surprisingly, RTM1 grouped in a clade with JR1 from four B. napus MBPs (Fig. 5, color-coded red) . No other Arabidopsis or B. napus JR domains were identified in this group. This grouping was reinforced through generation of a phylogram using distance analysis (data not shown). Several other clades were identified. For example, most, but not all, of the JRs from B. napus MBPs grouped within one major clade (Fig. 5 , colorcoded purple). Another major clade, which was supported in 100% of the bootstrap replicates, contained JRs from several B. napus MBPs and Arabidopsis inferred proteins (Fig. 5 , colorcoded orange). Three JRs, each from Arabidopsis inferred proteins, did not fall into any group (Fig. 5 ).
Evidence consistent with JR domain extragenic duplication and shuffling, intragenic domain duplication, and whole gene duplication was obtained in the phylogenetic analysis (color codes in Fig. 4 Figs. 4 and 5 ). In addition, whole gene or multidomain duplication may explain why clusters of JRs are conserved among several proteins. This is seen clearly with JR1-JR5 from both B. napus MBP1 and MBP2, where the corresponding JRs were always grouped in the tree (Figs. 4 and 5 ). This phylogenetic analysis suggests that RTM1 is in a domain family with members that have duplicated, rearranged in novel combinations, and diversified.
Discussion
The RTM1 gene encodes a protein similar to the lectin jacalin (20) and a large family of related proteins containing one or more repeats of a jacalin-like domain. This finding was unexpected, as jacalin-related proteins have been shown or suggested to be involved in resistance against insects and fungi (26, 29) but by mechanisms that would seem to be unrelated to virus infection. The M. pomifera agglutinin, a lectin with a single JR, inhibits development of the cowpea weevil (29) . Indeed, lectins in general have been shown to confer defensive properties against bacteria, fungi, and insects (30) . The B. napus MBPs, most of which contain multiple JRs, are induced by wound-ing͞jasmonic acid (JA) and interact with myrosinase (23) (24) (25) . Glucosinolate accumulation also is induced in wounded or JA-treated plants (26, 31) . This finding leads to the hypothesis that MBPs are up-regulated systemically in response to JA hormone signaling during insect or fungal attack. Whether or not up-regulation of MBPs affects the activity of myrosinase, thereby leading to more efficient or controlled glucosinolate hydrolysis, remains to be determined.
The restricted movement phenotype conditioned by RTM1 is specifically active against TEV. The Col-0 ecotype (RTM1) is fully susceptible to a range of other viruses, such as turnip crinkle virus, turnip mosaic virus, and cauliflower mosaic virus (5, 32, 33) . Does the RTM1 gene confer TEV specificity, or does RTM1 participate in a complex or pathway in which specificity is determined by another component? In cases of resistance involving NBS-LRR-type R genes, natural variation in resistance almost always is caused by variation at the R gene locus. A feature in common between RTM1 and NBS-LRR-type R gene products is the abundance of genes, in a given plant, encoding similar proteins. This feature could indicate that the JR, like NBS-LRR proteins, is particularly suitable for adapting to unique functions requiring different specificities. The structures of MBPs and several inferred Arabidopsis proteins further suggest that JRs are modular units that can be duplicated and combined in ways to provide unique functions.
The lack of similarity between RTM1 and components of gene-for-gene-type resistance suggests that resistance to TEV in Arabidopsis may occur by a fundamentally different process. In fact, RTM1-mediated resistance involves neither a hypersensitive reaction nor systemic acquired resistance, which typically are associated with gene-for-gene-type resistance. Two hypotheses for how RTM1 mediates TEV-specific resistance are viable. First, RTM1, in cooperation with other factors, could block long-distance movement of TEV by preventing entry into, passage through, or exit from the phloem. This could occur if RTM1, or a RTM1-containing complex, physically interacts with one or more of the TEV factors required for long-distance movement (HC-Pro, CI, NIa, and capsid) (34) (35) (36) (37) (38) (39) . The RTM1 protein or complex also could inhibit the function of cellular factors or structures required for long-distance movement. The lectin-like structure of RTM1 suggests this protein may interact with a glycoconjugate, although carbohydrate-binding activities of RTM1 have not been investigated. Second, RTM1 could participate as a structural or signaling component required for establishing a TEV-restrictive state in systemic, noninoculated tissue. In this scenario, RTM1 could potentially be involved in generation, perception, or transport of a systemic signal, or be required to establish the TEV-restrictive state in distal cells. Either of these possibilities would account for the infection phenotype of TEV in Col-0, namely, that virus is absent from tissues distal to the initial infection sites but is not impeded in inoculated leaves. Further insight into the RTM1-mediated restriction of TEV will come from cloning and analysis of RTM2 and RTM3, as well as from identification and analysis of intergenic suppressor mutants.
Finally, it remains to be determined the extent to which resistance to other viruses in Arabidopsis and other plants is conditioned by mechanisms similar to those involving RTM1. It seems unlikely that the TEV-Arabidopsis restriction system involving RTM1 represents an isolated example.
